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Synthesis, electronic properties and WOLED devices of planar 
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Dedication ((optional)) 
Abstract: The article deals with the synthesis and the physical 
properties of polyaromatic hydrocarbons containing P-atom at the 
edge. In particular, the impact of the successive addition of 
aromatic rings on the electronic properties was investigated by 
experimental (UV-vis absorption, fluorescence, cyclic voltammetry) 
and theoretical studies (DFT). The physical properties recorded in 
solution and in solid state showed that the P-containing PAHs 
exhibit the expected properties to be used as emitter in WOLEDs. 
Introduction 
The rational design and synthesis of -conjugated organic 
molecules have attracted growing attention in recent years 
owing to their potential use in the development of molecular 
opto-electronic and electronics. In 1D-linear heterole 
containing -systems, the presence of different heteroatoms (B, 
Si, N, S, P…) allows the diversification of the electronic 
properties.[ 1 ] For example, chemical modifications and 
coordination to transition metals of the 3,3-P center allowed 
the development of new functional molecules (molecules A 
and B, Figure 1) which exhibit different electronic properties 
depending on the valence/coordination of the P-moiety.[2] This 
straightforward and versatile property diversification led to the 
development of efficient materials for opto-electronic 
applications like organic light-emitting diodes (OLEDs).[
3] 
 
 
Figure 1. Example of phosphole oligomer (A), diarylphosphole (B), -
extended phospholes (C and D) and generic structure of the targeted P-
containing PAH (E). 
With the discovery of the outstanding properties of graphene, 
2D -conjugated systems have also appeared quite recently 
as appealing materials for opto-electronic applications.[4] In this 
context, benzocoronenes or nanographenes, which belong to 
the family of the polycyclic aromatic hydrocarbons (PAHs), 
were synthesized and used as active materials in solar cells[5] 
or field effect transistors[ 6 ]. As shown for the linear -
conjugated oligomers, heterochemistry offers the possibility of 
property-tuning also in the case of these 2D-systems. PAHs 
containing N,[ 7 ] S,[8 ] O,[9 ] and B[10 ] were recently developed, 
showing a wide variety of electronic properties as well as 
chemical reactivity that cannot be reached with the classical all 
sp2-C systems. Effectively, the introduction of electron-
deficient or electron-rich heteroatoms in the polycyclic scaffold 
introduces either vacancies (holes) or low-lying nonbonding 
states (electrons) leading to -systems with appealing 
optoelectronic properties that can be used as active materials 
in devices.[ 11 ] It is noteworthy that only few 2D-structures 
incorporating a phosphorus atom have been reported in the 
literature. For example, derivatives of type C (Figure 1) 
bearing bithiophene units at the 3,4 positions[12] or phospholes 
fused with bithiophene or naphthyl groups in the 2-3 and 4-5 
positions (molecule D, Figure 1) have been synthesized but 
the P-ring is not fully incorporated into the 2D framework.[2d,13] 
Hence, introducing a reactive P-atom into a planar -
conjugated framework remains a synthetic challenge. In this 
field, we recently described the first planar P-containing PAHs 
E (Figure 1) by introducing the phosphole ring on the edge of 
the PAH.[14] The presence of the reactive 3,3-P center, was 
then exploited as an easy way for molecular engineering of 
PAHs via P-chemical modifications. These chemical 
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modifications on the P-atom afforded unprecedented 
derivatives displaying remarkably low HOMO-LUMO gaps.  
Further tuning of the HOMO-LUMO gap can achieved by 
modifying the molecular size of these P-containing PAH. 
Effectively, the HOMO-LUMO gap is closely related to the 
number of resonant sextets in the PAH structure.[15 ] In this 
paper, we detail the impact of successive addition of fused 
aromatic rings around the P on the physical properties by 
experimental (UV-vis absorption, fluorescence, cyclic 
voltammetry) and theoretical studies. The physical properties 
recorded in solution and in solid state showed that the P-
containing PAHs exhibit the expected properties to be inserted 
as active emitting material in White OLED devices showing the 
potential of these compounds for opto-electronic applications. 
Results and Discussion 
Synthesis. The phospholes 2 were prepared according to the 
"one-pot" Fagan-Nugent's route, an efficient method for 
phosphole synthesis.[16] The intramolecular oxidative coupling 
of dialkynes 1a-b (Scheme 1) with ‘zirconocene’ followed by 
addition of dichlorophenylphosphine affords the 
3,3-
phosphole ring which is readily transformed into the 
corresponding 
4
,
5
-phosphole 2 (Scheme 1) in presence of 
NaIO4 or S8 in order to obtain air-stable and easy to handle 
derivatives. 31P NMR chemical shifts are in the usual range of 
oxophospholes and thioxophopholes (+39.2 ppm and +58.7, 
+58.0 ppm for 2aO, 2aS and 2bS respectively) and all their 1H 
and 13C NMR spectroscopic data support the proposed 
structures. The structure of 2aS was also confirmed by X-ray 
diffraction study (see Figure 2). 
The oxo- and thioxophospholes 2aO and 2a-bS (Scheme 1) 
were then engaged in the photocyclization reaction (h, I2). In 
the case of 2aO, a major product 3aO (31P NMR, +39.6 ppm) in 
which only one C-C bond has been formed, was isolated by 
column chromatography in 10% yield. Increasing reaction time 
only led to higher amounts of the by-products and the use of 
propylene oxide (PPO) as acid scavenger in the media only 
allow observing traces of 4aO.[ 17 ] In contrast, the 
thiooxophosphole 2aS, which turned out to be less sensitive to 
the in situ generated HI (apparently, the proton affinity of 
sulphur is smaller than that of oxygen) has a different 
behaviour under irradiation. The photocyclization of 2aS in 
these conditions (h, I2, PPO) led to a mixture of two 
compounds displaying 31P NMR signals in the range of the 
thiooxophospholes. Column chromatography allowed to isolate 
both compounds and their structures were assigned to 
compound 4aS (31P NMR, +46.0 ppm; yield: 20%) and 3aS (31P 
NMR, +51.6 ppm yield: 50%) (Scheme 1). Compared to 3aS, 
which shows highly asymmetric 1H and 13C NMR spectra, the 
rather simple spectrum of 4aS is consistent with the highly 
symmetric P-containing PAH. Both compounds were also 
characterized by X-ray crystallography (vide infra). Using this 
approach, two dibenzophosphapentaphenes 4a-bS were 
synthesized and obtained as air stable orange compounds.[18] 
It is worth noting that 4bS, with the four hexyl chains, displays 
excellent solubility in most of the main organic solvents. This 
compound was also characterized by X-ray diffraction (vide 
infra). Notably, consecutive cyclization steps are accompanied 
by a gradual shift to higher field of the 31P NMR signal from 
+58.7 ppm (2aS), to +51.6 ppm (3aS) then to +46.0 ppm (4aS).  
 
Scheme 1. Synthetic pathway for the preparation of phospholes 2-4. 
Structural description. Compounds 2aS, 3aS and 4a-bS were 
characterized by X-ray diffraction studies performed on single 
crystals (Figure 2). The bond length and valence angles for 
compound 2aS are classical and well compare with those 
observed for other -conjugated phosphole derivatives.[3,12] 
The lateral phenyl rings in the 2 and 5 positions lie 
perpendicular to the phosphole plane due to H-H repulsions 
with the diphenyl moiety fused in 3,4 positions (Table 1, Figure 
2). Interestingly, some distortion is observed between the 
phosphole ring and the diphenyl moiety (maximal deviation 
from the mean plane: 0.41 Å). This distortion was reproduced 
by geometry optimization performed by Density Functional 
Theory (DFT) calculations (vide infra). No intermolecular 
interactions were observed in the packing. In the case of 3aS 
and 4a-bS, the polycyclic sp2-carbon atoms framework is 
planar (maximum deviation from the mean C-sp2 plane, 0.15 
Å) and the P-atom lies in the sp2-C plane (Figure 2). In both 
cases, the 4,5-P-atom has a pyramidal shape with usual 
valence angles, and the C-C and C-P bond lengths in the 
phosphole ring are similar to those reported for phosphole 
oligomers (see Table 1).3 In case of 3aS, the non-fused lateral 
phenyl ring lies again perpendicularly to the polycyclic plane 
due to H-H repulsions (Figure 2) as observed in 2aS.[ 19 ] 
However, the major difference among 2aS, 3aS and 4a-bS lies 
in the C-C bond lengths in the polycyclic backbone.
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Figure 2 : X-ray crystallographic structures of a) 2a
S
, b) 3a
S
 and c) 4b
S
. H atoms are omitted for clarity. 
 
Of particular interest, C1-C2, C24-C23, C26-C27 and C25-C28 bond 
lengths in 4a-bS are shortened (≈ 1.42 Å, Table 1) when 6-
membered rings are formed, indicating an aromatic character for 
the newly formed ring. Furthermore, the C12-C13 bond length 
remains almost unchanged when the number of fused 6-
membered ring increases (Table 1). This observation indicates 
that the electronic behaviour of the phosphole’s endocyclic ring 
differs from the other six membered rings. Effectively, the Bird 
indices calculated for compounds 2aS, 3aS and 4aS (see table 
S5) indicate a gradual increase of the aromatic character not only 
for the phosphole ring but also for the endocyclic fused ring, 
showing that the phosphole ring has a significant impact on the 
electronic structure in the extended π-system. Presumably this 
increase is due to the planarization, which has a stronger effect 
on the geometry-based aromaticity indices than on the magnetic-
based NICS (vide infra). 
 
Table 1. Selected bond lengths [Å] and dihedral angles [°] for compounds 
2a
S
, 3a
S
 and 4a-b
S
.  
 
 
 
 2a
S
 3a
S
 4a
S
 4b
S
 
P-C1 1.81 1.80 1.81 1.82 
P-C24 1.82 1.82 1.81 1.82 
C1-C26 1.36 1.37 1.37 1.37 
C26-C25 1.51 1.49 1.45 1.45 
C25-C24 1.36 1.36 1.35 1.37 
C1-C2 1.48 1.43 1.43 1.43 
C26-C27 1.48 1.41 1.41 1.42 
C25-C28 1.47 1.47 1.42 1.42 
C24-C23 1.48 1.48 1.43 1.43 
C12-C13 1.49 1.48 1.50 1.50 
C7-C8 - 1.46 1.48 1.47 
C17-C18 - - 1.46 1.47 
P-C1-C2-C7 67.4 6.5 2.6 2.0 
P-C24-C23-C18 47.3 102.5 8.0 3.6 
In the unit cell, 4aS and 4bS present discrete head-to-tail dimers 
with an intermolecular distance of ca. 3.5 Å which is in the range 
of the -stacking interactions (Figure S4) but their packing 
structures are different. No long range intermolecular 
organization is observed for 4aS but intermolecular interactions 
can be observed for 4bS due to a combination of intermolecular -
 interactions (- distances, 3.51 Å) and C-H···π stacking 
interactions (C-H···π distances, 2.71 Å) (See Figure S4). No long 
range organisation has been observed for the compounds 2aS 
and 3aS. 
To conclude, the structural analysis of 4a-bS and its precursors 
demonstrates that dibenzophosphapentaphenes possess both 
PAH and phosphole structural characteristics. The cyclization of 
the derivative is accompanied by the planarization of the 
aromatic system with the π-electrons being delocalized over the 
newly formed cycles.  
 
Optical and electrochemical properties. The optical properties 
of dibenzophosphapentaphenes 2-4 were investigated by means 
of UV-Vis absorption and fluorescence measurements in 
dichloromethane. The absorption spectra of non-cyclized 
phospholes 2a-bO,S exhibit a broad -* transition with small 
extinction coefficient in the visible part of the spectrum (see 
Figure 3, Figure S5 and Table 2).[3] This transition is gradually 
red-shifted and accompanied by a hyperchromic shift going from 
non-cyclized phospholes 2a-bO,S to highly planarized structures 
4a-bO,S. Furthermore, the rigidification of the structure leads to a 
-* transition showing vibrational fine structures characteristic of 
polyaromatic molecules (Figure 3).[ 20 ] Contrary to its two 
precursors 2aS and 3aS that are not fluorescent in 
dichloromethane, 4a-bS show intense and structured emission 
which is nearly the perfect mirror image of the absorption 
spectrum with respective maxima at 544 nm (abs
max = 514 nm) 
(see Figure 3b, Table 2). This trend was also observed in case of 
the oxophosphole series (2aO-3aO-4aO, see Figure S5). Low 
temperature emission spectra recorded in methylTHF at 77K 
allowed to observe a better resolution of this vibronic progression 
(see Figure S6). The observed vibrational spacing (1395 cm-1 
and 1351 cm-1 for 4aS) corresponds to collective ring breathing 
vibrational mode with in-plane CH wagging vibrations, a highly 
intense characteristic feature in the Raman spectrum of the 
polyaromatic compounds. Indeed the Raman spectrum of 
compound 4aS shows two structured bands in well-defined 
spectral regions around 1600 cm-1 and 1300 cm-1 which can be 
    
 
 
 
 
 
correlated with the so-called G and D band regions characteristic 
of the Raman spectra of carbon materials containing sp2 carbon 
domain.[21] The comparison between the experimental and the 
computed spectra obtained by DFT calculations for the lowest 
energy conformer (see below) are in good agreement with the 
experiment (Figure 4) and confirm that the most intense band in 
the D band region corresponds with the breathing vibrational 
mode. 
 
Table 2. Photophysical, electrochemical and thermal data. 
 
λabs
[a]
 
 [nm] 
log ε[a] λem[a] 
 [nm] 
ΦF
[b] 
 
Eox1
[c]
 
[V] 
Ered1
[c]
 
[V] 
Td10
[e]  
(°C) 
2aS 463 3.26 - -   +0.92 -1.58[d] 362 
2bS 465 3.20 - - +0.92 -1.63[d]  
2aO 448 3.22 - - +1.01 -1.54[d]  
3aS 468 3.85 - - +0.79 -1.63[d] 370 
3aO 468 3.69 - - +0.91 -1.62[d]  
4aS 514 4.04 544 0.21 +0.71 -1.70[d] 318 
4bS 518 4.20 545 0.23 +0.67 -1.73[d] 358 
4aO 524 4.11 549 0.52 +0.63 -1.71[d] 388 
[a]In CH2Cl2 (10
-5M). [b]Measured relative to fluoresceine (NaOH, 0.1 M), 
ref= 0.9. [c]In CH2Cl2 with Bu4N+PF6− (0.2 M) at a scan rate of 100 mVs−1. 
Potentials vs ferrocene/ferrocenium. [d] reversible process. [e] Decomposition 
temperature at 10% weight loss, measured by thermogravimetric analysis 
(TGA) under nitrogen. 
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Figure 3 : a) UV-Vis absorption of 2-4a
S
, b) absorption and emission spectra of 
4a
S 
recorded at room temperature. (CH2Cl2, c = 5.10
-5
M)  
 
Cyclic voltammetry (CH2Cl2, 0.2 M Bu4NPF6, v = 200 mV.s
-1) 
was used to investigate the redox properties of compounds 2-4. 
The non-cyclized phosphole 2aS undergoes irreversible oxidation 
(Eox1 = +0.92 V vs Fc/Fc
+) and reversible reduction processes 
(Ered1 = -1.58 V vs Fc/Fc
+), confirming the high electron affinity of 
this family of derivatives.[12] The consecutive formation of the two 
intramolecular bonds (2aS3aS4aS) induces a gradual 
decrease of both oxidation and reduction potentials (Table 2). 
This effect is even more pronounced on the oxidation potential, 
which finally leads to a decrease of the gap, as observed by UV-
Vis absorption and is also supported by DFT calculations (vide 
infra).  
 
Figure 4 : Experimental (up, continuous line) and simulated (down, dotted line) 
Raman spectra of compound 4a
S
. Characteristic vibration bands of G (black 
rectangle) and D (dotted rectangle) band regions of the Raman spectra of 
carbon materials containing sp
2
 carbon domain.  
Theoretical calculations. To understand the effect of the 
extension of the π-system on the physical properties, 2aS,O, 3aS,O 
and 4aS,O were investigated computationally. In the 2aO, 3aO, 4aO 
series the raising of the HOMO level is accompanied by a small 
destabilization of the LUMO (see Figure 5) resulting in a 
reduction of the HOMO-LUMO gap, in accordance with the 
changes observed for redox and optical properties of these 
compounds. In case of the sulfur analogue, the change in the 
HOMO-LUMO energy difference is especially small between 2aS 
and 3aS, which is in contrast with the expectations that the 
extension of the π-system lowers the HOMO-LUMO gap. 
Inspection of the HOMOs, however reveals that in case of 2aS 
the lone pair of the sulfur (situated at phosphorus) can interact 
with the π-system (that is in closed energy) in the HOMO, 
resulting in an energy increase. This contribution is less 
significant in case of 3aS. For 4aS, where the π-system is 
extended over the carbon-carbon framework (resulting in an 
energy, which is higher than that of the sulfur lone pair), the 
mixing with the sulfur lone pair is insignificant and therefore their 
energy splitting is much smaller than it was in the previous case. 
Most notable is, however the fact that the frontier molecular 
orbitals (FMO-s) are directly derivable from the phosphole FMO-s, 
noticeably showing the conjugation with the extended π-system. 
This behaviour was noted before in case of 4aS (and its 
derivatives),[14] but the fact that smaller π-systems and even the 
non-symmetric 3aS retains the phosphole-type HOMO and 
LUMO is noteworthy. It is of apparent interest whether with 
further increase of the π-system this characteristic feature of the 
FMO-s prevails.  
 
    
 
 
 
 
 
 
Figure 5 : B3LYP/6-31+G* frontier MO-s for 2a
O
-3a
O
-4a
O
.  
 
The changes in the electronic structure should be reflected in 
the aromaticity of the different rings. NICS values[22] are collected 
in Table S7, and are presented in Figure 6, where the size of the 
circles is proportional to the NICS(1) value (NICS(0) shows a 
similar behaviour, see Figure S13), black representing 
antiaromatic, while grey aromatic ring current. It is known that 
phosphole-sulfides are slightly anti-aromatic,[ 23 ] (in general, 
oxidation of second row heteroatoms decreases the 
aromaticity)[ 24 ] and accordingly the five-membered rings are 
antiaromatic for the entire series. More interestingly, the 
endocyclic 6-membered ring fused with the five-membered ring 
also became antiaromatic, throughout the entire series! With the 
increasing extent of the conjugation, the antiaromaticity shows 
some increase throughout the series 2aS-3aS-4aS, although the 
values remain small, e.g. in case of the NICS(1) value for the 
endocyclic 6-membered ring is +3.0. To understand the slight 
antiaromaticity of the endocyclic 6-membered ring it is worth 
noting that the central ring of phenanthrene (which is in the 
position of the endocyclic 6-membered ring of 2aS-3aS-4aS), has 
a reduced NICS value[22] with respect to the outer rings in 
accordance with Clar’s rule. [25c] In the case of triphenylene, the 
central ring was shown to exhibit a slightly negative NICS(0) 
value only, while the central ring of coronene has a slightly 
positive NICS(0) value.[22a,25] Nevertheless, it is rare among all 
carbon PAHs that antiaromatic (positive) NICS values are 
reported, although corner rings in giant hexagonal PAHs exhibit 
significant NICS(0) antiaromaticity.[ 26 ] The two rings showing 
NICS antiaromaticity have also relatively low Bird index[27] and 
BDSHRT[28] values (eg. See the values for the endocyclic ring 
compared with the outer rings in Table S5-S7). 
 
 
 
Figure 6 : Schematical representation of the NICS (1) values for 6a
S
-7a
S
-8a
S
. 
Black represents antiaromatic, while grey aromatic ring current, the size of the 
ring is proportional to the calculated shielding. 
 
Self-assembly in solution and in solid state, OLEDs. Since a 
large number of self-assembling organic molecules and 
especially PAHs have the ability to form non-emissive 
aggregates in solid state, we studied the aggregation of different 
dibenzophosphapentaphenes and its effect on their emission 
properties.  
First, we have investigated the self-assembling features of 
compounds 2bS and 4bS in solution by using concentration 
dependent 1H NMR experiments in CDCl3 as solvent. The 
1H 
NMR spectra of 2bS show no appreciable shift of the aromatic 
and aliphatic resonances in the concentration range used (Figure 
S14). In contrast, this is not the case for compound 4bS that 
exhibits a clear upfield shift of most of aromatic resonances upon 
increasing the concentration (Figure S15). This shielding effect, 
also observed in the aliphatic region, is diagnostic of the 
supramolecular interaction between the molecules 4bS. The 
variation of the chemical shifts upon increasing the concentration 
can be fitted to the isodesmic or equal-K model to yield low 
values for the binding constant Ka (Figure S15, right).
[29 ] This 
calculated low value of Ka is not surprising considering that 
chloroform is a very good solvent to solubilize our compounds.[30] 
The larger π-surface present in P-containing PAH 4bS in 
comparison to 2bS accounts for the difference observed in the 
aggregation studies developed in solution. The pyramidal 
geometry of the P-atom impedes an efficient π-π stacking of the 
aromatic rings of the investigated compounds. However, the 
calculated Ka values are in good correlation with those previously 
reported for some other PAHs like hexa-peri-benzocoronenes.[31] 
The differences in the self-assembly of compounds 2bS and 
4bS also affect the generation of organized structures. Thus, a 
low diffusion of non-solvent vapors on a chloroform solution of 
compound 2bS results in the formation of an amorphous material. 
On the contrary, the compound 4bS is a highly crystalline 
material and it can easily be obtained by a slow diffusion of 
acetonitrile vapors on a chloroform solution. The SEM images of 
aggregates obtained from 4bS show lamellar structures with well-
defined edges (Figure S16). The X-ray data obtained from this 
compound 4bS allows elaborating a model that could justify this 
supramolecular organization. The cooperation of C-H···π, -
stacking and van der Waals interactions between the lateral 
hexyloxy chains can explain the growing of the aggregates 
(Figure S4). The upfield shifts observed in the concentration 
dependent 1H NMR experiments are in good agreement with the 
operation of these non-covalent interactions.  
We have also investigated the emission properties of 2aS and 
4aS in acetone/water mixtures with increasing water fractions, a 
strategy that allows forming micro- or nanoaggregates in solution. 
As expected for PAH analogues, the emission of 4aS is 
quenched upon aggregation (Figure 7). To the contrary, the 
emission of 2aS was enhanced by one order of magnitude once a 
specific water content was reached (acetone-water: 3-7, Figure 
7).[ 32 ] This phenomenon, referring like aggregation-induced 
emission (AIE), is linked with the restriction of internal rotations, 
which are responsible for quenching the luminescence in the 
non-aggregated state.[ 33 ] The absence of intermolecular 
interactions in the X-ray diffraction structure confirmed that the 
    
 
 
 
 
 
chromophores 2aS are independent in the solid state. This 
behaviour has already been observed on related siloles and 
phospholes. This opposite behaviour (Aggregation Quenched 
Emission vs AIE) between 2aS and 4aS illustrates again that 
these molecules have markedly different properties and show the 
pertinence of fusing phosphole in a PAH structure in order to 
modify its properties. 
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Figure 7 : Evolution of emission intensity of 4a
S
 (upper) and 2a
s
 (lower) (c = 
5.10
-5
M) in acetone/water (water percentage is indicated in legend) mixtures 
with increasing water content. 
 
Aggregation induced-emission experiments showed that 4aS is 
non-emiting in the aggregated state. This observation was 
extended to solid-state since no photoluminescence was 
observed on a thin film of 4aS sublimed on a glass substrate. 
However, as those compounds appeared to be highly emissive in 
the diluted solution (vide supra) and possess suitable redox 
properties, it was thus decided to study the electroluminescence 
of this family of compounds as dopant in a matrix.[ 34 ] This 
technique is of particular interest since a careful choice of dopant 
and matrix emiting complementary colors leads to the 
preparation of WOLED devices. Since the compound 4aS is 
thermally stable (Table 2), it was co-sublimed with two different 
blue matrices (2,2’-diphenylvinyl) biphenyl, DPVBi (device A) and 
N,N’-diphenyl-N,N’-bis (1-naphthylphenyl)-1,1‘-biphenyl-4,4’-
diamine, -NPB (device B) for the construction of the active layer 
(EM) in OLEDs (Table 3). First, we developed a multilayer OLED 
on a glass substrate having a classical multilayered 
configuration : indium tin oxide (ITO) / copper phthalocyanine 
(CuPc) (10 nm) / N,N’-diphenyl-N,N’-bis (1-naphthylphenyl) -1,1‘-
biphenyl-4,4’-diamine (-NPB) (50 nm) / EM (15 nm) / 4,4’-bis 
(2,2’-diphenylvinyl) biphenyl (DPVBi) (35 nm) / bathocuproine 
(BCP) (10 nm) / tris(8-hydroxyquinolinato)aluminium (Alq3) (10 
nm) / LiF (1.2 nm) /Al (100 nm) (see Figure S17). The 
electroluminescence (EL) spectrum of devices A and B having 
similar doping rate (2.8%) presents the dual emission of the blue-
emiting matrix (EL1 = 448 nm for device A and EL1 = 456 nm for 
device B) and the phosphorus based dopant (EL2 = 556 nm for 
device A and EL2 = 548 nm for device B) leading to an orange-
white emision as evidenced by the CIE coordinates (Table 3). 
The EL spectra match very well with the photoluminescence 
spectra recorded for the matrix and the dopant in thin film, 
showing that the EL emission bands originates from the blue 
emitter and the P-luminophore (see Figure 8). The two devices 
present a small turn-on voltage with moderate current and power 
efficiencies (Table 3). It can be noticed that the OLED 
performances of device B were slightly better than those of 
device A (see Table 3), so it was decided to test the effect of 
doping rate with the -NPB matrix. The doping rate of 4aS was 
gradually decreased from 5.5 % to 0.6 % (device B-E) allowing to 
increase the contribution of -NPB emission and to tune the CIE 
chromaticity coordinates from the orange region (device C) to the 
blue region (device E) (Table 3). The case of device D was 
particularly interesting since the CIE chromaticity coordinates are 
in the white area (x = 0.32; y = 0.37). The turn-on voltage of 
device D is quite low (5.5 V) and it exhibits an EQE of 1.7%, a 
brightness of 1122 cd.m-2 and a power efficiency of 0.96 lm.W-1 
at 30 mA/cm2 (Table 3). Furthermore, the increase of the current 
density up to 180 mA.cm-2 does not impact the 
electroluminescent spectrum, indicating a good device stability 
(see Figure 8). For increasing the performance of the OLED, we 
decided to modify the multilayered structure by changing the 
electron transport layer (Alq3) and the hole blocking layer (BCP) 
by 1,3,5-tris(N-phenylbenzimiazole-2-yl)benzene (TPBi) which is 
known as a good electron transporting and hole blocking material 
with the HOMO level of 6.2 eV and the LUMO level of 2.7 eV.[35] 
The better fit between the energetic level of TPBi and DPVBi is 
believed to favor the charge balance and to be the reason of the 
improvement of the performances. The power and current 
efficiencies now reach values of 1.40 lm.W-1 and 4.40 cd. A-1 
respectively, at 30 mA/cm2 (device F, Table 3). The compound 
4aO was also considered as orange emitter for OLEDs since it 
presents similar physical and thermal properties as the 
compound 4aS (Table 2). For example, white emission can be 
obtained by doping the -NPB matrix with 0.8% of compound 
4aO. The performance (Device G, Table 3) of this WOLED is very 
satisfying with a brightness of 728 cd.m-2 at 30 mA/cm2. All these 
results demonstrate that phosphorus-containing PAH emitters 
can be used for the development of efficient fluorescent OLEDs. 
Conclusions 
In conclusion, we prepared P-containing PAHs. We showed 
that the cyclization around the phosphole ring allows to fine tune 
the electronic properties of these compounds as evidenced by 
UV-vis absorption, emission, electrochemistry and theoretical 
calculation. It is of particular interest that computational study 
showed that the phosphole MO’s still prevail in the highly 
delocalized PAH structure and that the presence of the P-atom 
impacts the whole structure. Most notably, the antiaromaticity of 
oxidized phospholes is extended over the endocyclic six 
membered ring. Self-assembly in solution also appears to 
significantly impact the photophysical properties of this family of 
compounds. Finally, by doping a blue emitting matrix with these 
    
 
 
 
 
 
P-containing PAHs, white light emission in multi-layered OLED 
device was achieved. These first results of incorporation into 
opto-electronic device show the potential of these compounds for 
opto-electronic application. 
 
 
 
Figure 8. Effect of current density on the electroluminescence of device 
D. 
 
 
     
Table 3. EL performance of devices as function of the device structure and of the doping 
rate..  
    
Device EML Doping rate 
[wt, %] 
Von 
[a] 
[V] 
B30
[b] 
[cd.m-²] 
30 
[b] 
[%]
Power  
Efficiency [b] 
Current efficiency [b] 
X 
[d]
 Y 
[d]
 
A DPVBi : 4a
S (2.8) 4.86 905 1.18 0.71 2.96 0.42 0.44 
B NPB : 4aS (2.8) 5.81 1062 1.46 0.90 3.53 0.41 0.43 
C NPB : 4aS (5.5) 5.71 906 1.30 0.77 3.03 0.45 0.44 
D NPB : 4aS (1.1) 5.55 1122 1.67 0.96 3.69 0.32 0.37 
E NPB : 4aS (0.6) 6.04 916 1.56 0.72 2.99 0.26 0.31 
F NPB : 4aS (1.2)c 5.19 1308 2.10 1.40 4.40 0.29 0.34 
G NPB : 4a0 (0.8) 6.06 728 1.19 0.61 2.40 0.32 0.35 
H NPB : 4a0 (1.3)c 5.35 1943 2.87 1.83 6.58 0.37 0.39 
[a]
 Turn-on voltage at which emission becomes detectable (0.1
 
cd/m
2
). 
[b]
 Measured at 30 mA/cm². 
[c]
 OLEDs with the alternative TPBi based configuration. 
[d]
 CIE 
coordinates 
 
 
    
 
 
 
 
 
Experimental Section 
General Procedures. All experiments were performed under an 
atmosphere of dry argon using standard Schlenk techniques. 
Commercially available reagents were used as received without further 
purification. Solvents were freshly purified using MBRAUN SPS-800 
drying columns. Irradiation reactions were conducted using a Heraeus 
TQ 150 mercury vapor lamp. Separations were performed by gravity 
column chromatography on basic alumina (Aldrich, Type 5016A, 150 
mesh, 58 Å) or silica gel (Merck Geduran 60, 0.063-0.200 mm). 1H, 13 C, 
and 31P NMR spectra were recorded on a Bruker AM300, AM400, AM500. 
1H and 13C NMR chemical shifts were reported in parts per million (ppm) 
relative to Me4Si as external standard. Assignment of proton and carbon 
atoms is based on COSY, HMBC, HMQC and DEPT-135 experiments. 
High-resolution mass spectra were obtained on a Varian MAT 311 or 
ZabSpec TOF Micromass instrument at CRMPO, University of Rennes 1. 
Elemental analyses were performed by the CRMPO, University of 
Rennes 1. Compounds 1a, 2aS, 3aS, 4aS, 4aO, were synthesized 
according to published procedure.[14] UV-Visible spectra were recorded at 
room temperature on a VARIAN Cary 5000 spectrophotometer. The UV-
Vis-NIR emission and excitation spectra measurements were recorded 
on a FL 920 Edimburgh Instrument equipped with a Hamamatsu R5509-
73 photomultiplier for the NIR domain (300-1700 nm) and corrected for 
the response of the photomultiplier. Quantum yields were calculated 
relative to fluorescein ( = 0.90 in NaOH 0.1N).  The electrochemical 
studies were carried out under argon using an Eco Chemie Autolab 
PGSTAT 30 potentiostat for cyclic voltammetry with the three-electrode 
configuration: the working electrode was a platinum disk, the reference 
electrode was a saturated calomel electrode and the counter-electrode a 
platinum wire. All potential were internally referenced to the ferrocene/ 
ferrocenium couple. For the measurements, concentrations of 10-3 M of 
the electroactive species were used in freshly distilled and degassed 
dichloromethane and 0.2 M tetrabutylammonium hexafluorophosphate. 
Thermogravimetric analysis were performed by using a Mettler-Toledo 
TGA-DSC-1 apparatus under dry nitrogen flow at a heating rate of 
10 °C/min. Infrared spectra were obtained on a Bruker IFS28 FT-IR 
spectrometer (400−4000 cm−1). Raman spectra of the solid samples 
were obtained by diffuse scattering on the same apparatus and recorded 
in the 100 − 3300 cm−1 range (Stokes emission) with a laser excitation 
source at 1064 nm (25 mW) and a quartz separator with a FRA 106 
detector. 
Details of the X-ray crystallography study: X-ray crystallographic data for 
4aS (CCDC 861180) was previously reported.14 Single crystals of 2aS, 
3aS and 4bS suitable for X-Ray crystal analyses were obtained by slow 
diffusion of vapors of pentane into dichloromethane solutions. Single 
crystal data collection were performed at 150 K with an APEX II Bruker-
AXS (Centre de Diffractométrie, Université de Rennes 1, France) with 
Mo-K radiation ( = 0.71073 Å). Reflections were indexed, Lorentz-
polarization corrected and integrated by the DENZO program of the 
KappaCCD software package. The data merging process was performed 
using the SCALEPACK program.[ 36 ] Structure determinations were 
performed by direct methods with the solving program SIR97,[37] that 
revealed all the non-hydrogen atoms. SHELXL program[38] was used to 
refine the structures by full-matrix least-squares based on F2. All non-
hydrogen atoms were refined with anisotropic displacement parameters. 
Hydrogen atoms were included in idealised positions and refined with 
isotropic displacement parameters. Single crystals of all these derivatives 
were always coated in paratone oil once removed from the mother 
solution, mount at low temperature on the diffractometer goniometer and 
X-ray data collection were performed at low temperature.  Atomic 
scattering factors for all atoms were taken from International Tables for 
X-ray Crystallography.[39] CCDC reference numbers 1014349, 1014350 
and 1014351, contain the supplementary crystallographic data for 
derivatives 2aS, 3aS and 4bS respectively. 
Device fabrication and characterization: EL devices, based on a 
multilayer structure have been fabricated onto patterned ITO coated 
glass substrates from PGO CEC020S (thickness: 100 nm and sheet 
resistance: less of 20 /m). The organic materials (from Aldrich and 
Syntec) are deposited onto the ITO anode by sublimation under high 
vacuum (< 10-6 Torr) at a rate of 0.2 – 0.3 nm/s. The common structure of 
all the devices is the following: a thin layer (10 nm thick) of copper 
phtalocyanine (CuPc) is used as hole injection layer (HIL) and 50 nm of 
N,N’-diphenyl-N,N’-bis(1-naphthylphenyl)-1,1’-biphenyl-4,4’-diamine (-
NPB) as hole transporting layer (HTL). The emitting layer consists of 15 
nm thick film of (-NPB) or DPVBi doped P-containing PAH. The doped 
layer is obtained by co-evaporation of the two compounds and the doping 
rate is controlled by tuning the evaporation rate of each material. A thin 
layer of bathocuproine (BCP) (10 nm) is used as hole blocking layer. Alq3 
(10 nm) is used as electron transporting layer (ETL). TPBI (20 nm) is 
used as alternative ETL/hole blocking layer. Finally, a cathode consisting 
of 1.2 nm of LiF capped with 100 nm of Al is deposited onto the organic 
stack. The entire device is fabricated in the same run without breaking 
the vacuum. In this study, the thicknesses of the different organic layers 
were kept constant for all the devices. The active area of the devices 
defined by the overlap of the ITO anode and the metallic cathode was 0.3 
cm².The current-voltage-luminance (I-V-L) characteristics of the devices 
were measured with a regulated power supply (Laboratory Power Supply 
EA-PS 3032-10B) combined with a multimeter and a 1 cm² area silicon 
calibrated photodiode (Hamamatsu). The spectral emission was recorded 
with a SpectraScan PR650 spectrophotometer. All the measurements 
were performed at room temperature and at ambient atmosphere with no 
further encapsulation of devices. 
Computational details: All calculations have been carried out with the 
Gaussian 09 program package .[ 40 ] Full geometry optimization was 
performed for all molecules at the B3LYP/6-31+G* level,[41] and harmonic 
vibrational frequencies were calculated at the same level to establish the 
nature of the obtained stationary point, for minima no negative 
eigenvalue of the Hessian was present. All possible rotational structures 
(2aS, 3aS: methoxy and phenyl rotations, 4aS methoxy rotations) have 
been investigated for 2aS, 3aS and 4aS, the most stable ones being those 
obtained also by X-ray crystallography. The Kohn-Sham HOMO-LUMO 
gap is nearly unchanged for the different conformers. Further calculations 
on 2aO, 3aO, 4aO have been carried out only on the rotamer which turned 
out to be the most stable for the respective thiooxidized compounds. 
Raman visualisations have been carried out with the Molden[ 42 ], 
molecular orbital visualisations with the VMD package.43 
 
Experimental part: Synthesis of 1b.
 
2,2’-diethynylbiphenyl (380 mg, 3.7 
mmol, 1 eq.) and 1-bromo-3,5-hexyloxybenzene (2.0 g, 3 eq.) were 
dissolved in 50 mL of THF-NEt3 (1:2, v/v). The solution was then sparged 
with argon for 15 min and Pd(PPh3)4 (222 mg, 0.1 eq.) was added and 
the solution was refluxed for 20 h. After cooling down to room 
temperature (RT), the mixture was filtrated and diethylether (150 mL) 
was added. The organic layer was washed with saturated NH4Cl solution, 
then with water, dried over MgSO4 and the solvents were evaporated. 
The crude was purified by chromatography on silica gel using 
heptane:ethyl acetate (98:2, v/v) as eluent to afford 1b as transparent oil 
(1.07 g, 75 %). 1H NMR (400 MHz, CDCl3): δ 0.90 (t,
 3J (H,H) = 6 Hz, 
12H, H16), 1.2-1.5 (m, 24H, H13-15), 1.7-1.8 (m, 8H, H12), 3.85 (t, 8H, 
3J 
(H,H) = 6 Hz, H11) ; 6.34-6.40 (m, 6H, CHphenyl); 7.37 (ddd, 2H, 
3J(H,H) = 
7 Hz, 3J(H,H) = 7 Hz, 4J (H,H) = 1.2 Hz, CHphenyl) ; 7.42 (ddd, 2H, 
3J (H,H) 
= 8 Hz, 3J (H,H) = 8 Hz, 4J (H,H) = 1.2 Hz, CHphenyl); 7.54 (dd, 2H, 
3J 
(H,H) = 7 Hz, 4J (H,H) = 1.2 Hz, CHphenyl), 7.66 (dd, 2H,
 3J(H,H)  = 7 Hz, 
4J (H,H) = 1.2 Hz, CHphenyl). 
13C NMR (75 MHz, CDCl3): δ 14.1 (s, C16), 
22.6 (s, C15), 25.6 (s, C14), 29.1 (s, C13), 31.6 (s, C12), 68.1 (s, O-C11); 
88.6  (s, C≡C); 92.9  (s, C≡C); 102.7 (s, CH); 109.6 (s, CH); 122.9 (s, 
Cquat); 124.6 (s, Cquat); 127.3 (s, CH); 127.6 (s, CH); 130.4 (s, CH); 
131.9 (s, CH); 143.4 (s, Cquat); 159.9 (s, COCH2-). HR-MS (ESI, 
CH2Cl2/MeOH, 95/5, m/z): [M]
+ calcd for C52H66O4, 754.4961; found 
754.4832. Anal. Calcd. for C52H66O4 : C, 82.71, H, 8.81; Found: C, 82.44, 
H, 8.78. 
    
 
 
 
 
 
Synthesis of 2aO. Compound 5a (220 mg, 0.46 mmol, 1 eq.) and 
Cp2ZrCl2 (135 mg, 1 eq.) were dissolved in THF (20 mL). n-BuLi (2.5 M, 
0.4 mL, 2.1 eq.) was added dropwise at -78°C. The solution was warmed 
at room temperature (RT) and stirred overnight. To this solution was 
added PhPCl2 (0.08 mL, 1.2 eq.) at -78°C. The solution was warmed at 
RT and stirred for 24 h. The solution was filtered on basic alumina, 
washed with THF and the solvent were evaporated. The orange 
precipitate of phosphole (31P NMR (80 MHz, CDCl3): = +31 ppm) was 
dissolved in DCM (30 mL), an excess of NaIO4 was added to the solution 
and the solution was stirred for 2 h. The solution was filtered and the 
solvent was evaporated. The crude was purified by chromatography on 
silica gel using heptane:ethyl acetate (1:1, v/v) as eluent to afford 6aO as 
a red solid (90 mg, 32 %). 1H NMR (400 MHz, CDCl3): δ 3.64 (s, 12H, 
OCH3) ; 6.35-6.40 (m, 6H, H2 and H4); 6.99 (ddd, 2H, 
3J (H,H) = 8 Hz, 3J 
(H,H) = 8 Hz, 4J (H,H) = 1.2 Hz, H7) ; 7.33 (ddd, 2H, 
3J (H,H) = 8 Hz, 3J 
(H,H) = 8 Hz, 4J (H,H) = 1.2 Hz, H8) ; 7.40 (m, 2H, Hmeta) ; 7.49 (m, 1H, 
Hpara) ; 7.57 (d, 2H, 
3J (H,H) = 8 Hz, H6), 7.86 (m, 2H, Hortho) ; 7.92 (d, 2H, 
3J (H,H) = 8 Hz, H9). 
13C NMR (75 MHz, CDCl3): δ 55.3 (s, OCH3); 101.1 
(d, J(P,C) = 2 Hz, C4); 105.6 (d, J(P,C) = 4 Hz, C2); 124.0 (s, C9); 127.2 
(d, J(P,C) = 96 Hz, Cipso); 127.9 (s, C7); 128.4 (d, J(P,C) = 20 Hz, C5); 
129.0 (d, J(P,C) = 12 Hz, Cmeta); 130.0 (s, C6) ; 130.8 (s, C8); 131.5 (d, 
J(P,C) = 10 Hz, Cortho); 132.2 (d, J(P,C) = 3 Hz, Cpara); 132.3 (d, J(P,C) = 
94 Hz, C); 133.8 (d, J(P,C) = 1 Hz, C10) ; 136.2 (d, J(P,C) = 8 Hz, C1); 
142.2 (d, J(P,C) = 28 Hz, C) ; 161.5 (s, C3). 
31P NMR (75 MHz, CDCl3) : 
δ +39.2 (s). HRMS (ESI, CH2Cl2/MeOH, 9/1, m/z): [M+H]
+ calcd. for 
C38H32O5P,  599.1982; found 599.1966. Anal. Calcd. for C38H31O5P : C, 
76.24, H, 5.22; Found: C, 75.95, H, 5.19. 
 Synthesis of 2bS. To a 369 mg (1.26 mmol, 1.05 eq.) solution of 
Cp2ZrCl2 in 25 mL of THF at -80°C are added 1.1 mL of n-BuLi (2.65 
mmol, 2.1 eq). The mixture warm up slowly to -65°C and is cooling down 
again to -80°C. Then, 908 mg of 1b (1.20 mmol, 1.0 eq) in 10 mL of THF 
are slowly added. After 15 h at RT, 196 µL of PhPCl2 (1.44 mmol, 1.2 eq) 
are introduced in the mixture, at -30°C. After 10 h, the solution is filtered 
on silica gel (eluent: dichloromethane) and solvents. The resulting orange 
oil is dissolved in dichloromethane (25 mL) and stirred for 2 h with an 
excess of S8 in presence of triethylamine. After evaporation, the crude is 
dissolved in heptane and filtrated to remove the excess of S8. Product is 
purified by chromatography on silica gel using ethyl acetate/heptane 
(98:2, v/v) as eluent to afford 380 mg of an orange oil (Y=35%). 1H NMR 
(300 MHz, CDCl3): δ 0.88 (t, 12H, 
3J(H,H) = 6 Hz, H16), 1.16-1.47 (m, 
24H, H13, H14, H15); 1.65 (m, 8H, H12); 3.50-4.20 (m, 8H, H11); 5.70-6.00 
(m, 2H, H2’); 6.39 (m, 2H, H4); 6.80-6.95 (m, 2H, H2); 7.00 (ddd, 2H, 
3J(H,H) = 8 Hz, 3J(H,H) = 8 Hz, 4J(H,H) = 1 Hz, H7); 7.36 (ddd, 2H, 
3J(H,H) = 8 Hz, 3J(H,H) = 8 Hz, 4J(H,H) = 1 Hz, H8); 7.40 (m, 2H, Hmeta) ; 
7.46 (m, 1H, Hpara) ; 7.58 (d, 2H, 
3J(H,H) = 8 Hz, H6), 7.91 (ddd, 2H, 
4J(H,H)  = 2 Hz, 3J(H,H) = 8 Hz, J (P,H) = 14 Hz, Hortho) ; 7.96 (d, 2H, 
3J 
(H,H)  = 8 Hz, H9). 
13C NMR (100 MHz, CDCl3): δ 14.2 (s, C16); 22.7 (s, 
C15); 25.8 (s, C14); 29.2 (s, C13); 31.7 (s, C12); 68.2 (s, C11); 102.5 (d, 
J(P,C)  = 2 Hz, C4); 105.6 (m, C2); 123.9 (s, C9); 126.0 (d, J(P,C) = 75 Hz, 
Cipso); 128.0 (s, C7); 128.7 (d, J(P,C) =15 Hz, C5); 128.8 (d, J (P,C) = 12 
Hz, Cmeta); 130.0 (s, C6) ; 130.5 (s, C8); 131.5 (d, J(P,C) =12 Hz, Cortho); 
132.1 (d, J(P,C) = 3 Hz, Cpara); 133.6 (d, J(P,C) = 1 Hz, C10) ; 135.1 (d, 
J(P,C) = 75 Hz, C);136.0 (d, J(P,C) = 9 Hz, C1); 141.5 (d, J(P,C) = 26 Hz, 
C) ; 160.9 (s, C3). 
31P NMR (160 MHz, CDCl3): δ +58.0 (s). HRMS (ESI, 
CH2Cl2/MeOH, 9/1, m/z): [M+H]
+ calcd. for C58H72O4PS, 895.4889; found 
895.4886. Anal. Calcd. for C58H71O4PS: C, 77.82, H, 7.99; Found: C, 
78.03, H, 8.33. 
 Synthesis of 3aO. Compound 2aO (50 mg, 0.08 mmol, 1 eq.) was 
dissolved in 200 mL of toluene. The solution was sparged with argon for 
15 min then 1 mL of propylene oxide (PPO) and I2 (43 mg, 2.1 eq.) were 
added. The solution was irradiated during 20 h with UV light using a 
Heraeus TQ 150 mercury vapor lamp. Then the solvent were evaporated 
and the crude was purified by chromatography on silica gel using 
dichloromethane:methanol (99:1, v/v) as eluent to afford 3aO as an 
orange solid (5 mg, 10 %). 1H NMR (400 MHz, CDCl3) ) : δ 3.70 (m, 6H, 
OCH3); 3.81 (s, 3H, OCH3); 4.09 (s, 3H, OCH3); 6.42-6.48 (m, 1H, H4’); 
6.74 (d, 1H, 4J (H,H) = 2 Hz, H4); 7.08 (ddd, 1H, 
4J (H,H) = 2 Hz, 3J (H,H) 
= 8 Hz, 3J (H,H) = 8 Hz, H9’); 7.13 (d, 1H, 
4J (H,H) = 2 Hz, H2); 7.35 (ddd, 
2H, 2J (H,H) = 8 Hz, 2J (H,H) = 8 Hz, J(P,H) = 3 Hz, Hmeta); 7.40-7.50 (m, 
2H, H10’, Hpara); 7.69 (dd, 1H, 
3J(H,H)  = 8 Hz, 3J = 8 Hz, H10); 7.75 (d, 1H, 
3J (H,H) = 8 Hz, H8’); 7.80 (ddd, 2H, 
4J (H,H) = 2 Hz, 3J (H,H) = 8 Hz, 
J(P,H)  = 14 Hz, Hortho); 8.16 (d, 1H, 
3J (H,H) = 8 Hz, H11); 8.22 (d, 1H, 
3J 
(H,H) = 8 Hz, H11’); 9.48 (d, 1H, 
3J (H,H) = 8 Hz, H9). Due to fluxional 
behavior of the molecule, H2’ and H6’ are not observed. 
13C NMR (100 
MHz, CDCl3) : δ 55.4 ( s, OCH3
’); 55.5 (s, OCH3); 55.6 (s, OCH3
’); 55.7 (s, 
OCH3); 100.5 (s, C2); 101.3 (s, C4); 102.3 (s, C4’); 106.3 (s, C6’ ou C2’); 
105.9 (s, C6’ ou C2’) ; 106.4 (d, J(P,C) = 8 Hz , C6); 120.4 (s, C11); 122.6 
(s, C7); 124.3 (s, C11’) ; 127.9 (s, C9’); 128.6 (s, C9); 128.8 (d, J(P,C)= 16 
Hz, C’); 129.3 (d, J(P,C) = 13 Hz, Cmeta); 129.4 (large s, C8’, C10); 130.0 
(s, C12); 130.4 (s, C10’); 130.8 (s, C8); 131.2 (d, J(P,C) = 11 Hz, Cortho); 
132.2 (s, Cpara); 132.3 (s, C1); 134.5 (s, C12’); 134.5 (s, C1’); 159.3 (s, C3); 
161.0 (s, C5); 161.3 (C3’ or C5’); 161.4 (s, C3’ or C5’). C, C and Cipso are 
not observed. 31P NMR (160 MHz, CDCl3): δ +39.6 (s). HRMS (ESI, 
CH2Cl2/MeOH, 95/5, m/z): [M+Na]
+ calcd. for C38H29O5PNa: 619.16503; 
found 619.1645. Anal. Calcd. for C38H29O5P : C, 76.50, H, 4.90; Found: C, 
76.70, H, 5.22. 
Synthesis of 4bS. Compound 2bS (100 mg, 0.16 mmol, 1 eq.) was 
dissolved in 500 mL of toluene. The solution was sparged with argon for 
15 min then 1 mL of PPO and I2 (86 mg, 2.1 eq.) were added. The 
solution was irradiated during 20 h with UV light using a Heraeus TQ 150 
mercury vapor lamp. Then the solvent were evaporated and the crude 
was purified by chromatography on basic alumina (90 Å) using a 3% 
solution of ethyl acetate in heptane as eluent to afford 4bS as an orange 
solid (30 mg, 30 %). 1H NMR (300 MHz, CDCl3): δ 0.95 (t,
 3J (H,H) = 6 Hz, 
12H, H16 and H16’); 1.10-1.50 (m, 16H, H14, H14’, H15 and H15’); 1.45-1.55 
(m, 4H, H13); 1.55-1.65 (m, 4H, H13’); 1.75-1.85 (m, 4H, H12); 1.95-2.10 
(m, 4H, H12’); 3.89-4.21 (m, 8H, H11 and H11’); 6.65 (d, 2H, 
4J(H,H) = 2 Hz, 
H4); 7.28-7.34 (m, 2H, Hmeta); 7.36 (d, 2H, 
4J (H,H)= 2 Hz, H2’); 7.43 (m, 
1H, Hpara); 7.61 (dd, 2H, 
3J(H,H)= 8 Hz, 3J(H,H) = 8 Hz, H8); 8.02 (dd, 2H, 
3J(H,H) = 8 Hz, J(P,H) = 14 Hz, Hortho); 8.12 (d, 2H, 
3J(H,H) = 8 Hz, H9); 
9.38 (d, 2H, 3J(H,H) = 8 Hz, H7). 
13C NMR (100 MHz, CDCl3): δ 14.2 (s, 
C16’); 14.3 (s, C16); 22.7 (s, C15’); 22.8 (s, C15); 26.0 (s, C14’); 26.2 (s C14); 
29.2 (s, C13’); 29.3 (s, C13); 31.7 (s, C12’); 31.8 (s, C12); 68.2 (s, C11’); 69.3 
(s, C11); 99.1 (d, J(P,C) = 5 Hz, C2’); 101.1 (s, C4); 116.3 (d, J(P,C) = 6 
Hz , C2); 120.7 (s, C9); 123.5 (d, J(P,C) = 11 Hz, C5); 127.0 (d, J(P,C) = 
95 Hz, C); 128.2 (s, C7); 129.0 (d, J(P,C)= 13 Hz, Cmeta); 129.1 (d, 
J(P,C) = 77 Hz, Cipso); 129.6 (s, C8); 130.9 (d, J(P,C) = 12 Hz, Cortho); 
132.2 (d, J(P,C) = 3 Hz, Cpara); 132.9 (d, J(P,C) = 11 Hz, C1); 133.8 (s, 
C6) ; 138.3 (d, J(P,C) = 20 Hz, C); 158.7 (s, C3’); 160.3 (d, J(P,C) = 2 Hz, 
C3), C10 is not observed. 
31P NMR (160 MHz, CDCl3): δ +45.6 (s). HR MS 
(ESI, CH2Cl2/MeOH, 95/5, m/z): [M+H]
+ calcd for C58H68O4PS: 891.4576, 
Found 891.4568. Anal. Calcd. for C58H67O4PS : C, 78.17, H, 7.58; Found: 
C, 78.29, H, 7.80. 
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